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Outline of the talk: 
 
1)   Problem 
2) Experimental program concrete pressure 
3) Experimental program rock – und water pressur 
4) Findings / Summary 
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Problem 
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Request to the seal support 
sufficient strength and dimensional stability 
wrinkle-free and underground close laying the protective layer 
and the KDB 
Composition, installation and roughness of the seal carrier must 
requirements of the protective layer and sealing suffice : 
• Aggregates gravel, chippings 
• Minimum thickness seal support ≥ 3 cm 
• Maximum grain size ≤ 8 mm 





≥ 20 cm 
− Dimension of roughness 
(Ratio of depth to diameter) 
− Inclination of irregularities 
− Radius of rounding of irregularities 
Specifications Rulebook 
Problem 
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Specifications Rulebook 
 
Dimension of roughness 
Problem 
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Request to the geomembrane 
  PE-Sealing PVC-Sealing 
nominal thickness 2,0 mm; 3,0 mm; 4,0 mm 
bursting strength ≥ 50 % 
tensile strength in longitudinal and 
transverse directions ≥ 15 N/mm² ≥ 12 N/mm² 
elongation at break in longitudinal 
and transverse directions 500 % 250 % 
Problem 
Specifications Rulebook 
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Problem 
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Problem 
bottom of tunnel designed 
with geomembrane 
roof of tunnel designed  
with geomembrane 
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Problem 
roof of tunnel designed  
with geomembrane 
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Stresses from fresh concrete pressure 
Test program concrete pressure  
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Test program concrete pressure  
Influences on the stress on the geomembrane  
in the concreting the tunnel inner shell 
Concrete pressure Protective efficacy geotextiles 
Quality seal 
support  
Stresses from fresh concrete pressure 
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Stresses from fresh concrete pressure at the inner shell 
Stresses from fresh concrete pressure 
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Stress due to the concreting of the tunnel inner shell 
 
Stresses from fresh concrete pressure 
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Concreting on the sealing system 
Stresses from fresh concrete pressure 
geomembrane 
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Concreting on the sealing system 
 
 
Stresses from fresh concrete pressure 
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Influence seal support 
Stresses from fresh concrete pressure 
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Influence seal support 
 
 
test type  A 
Seal support of gravel 
test type B 
Seal support of chippings 
Stresses from fresh concrete pressure 
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Characterization test type A 
  notch    roughness 
  quantity deep diameter 




15 1,1 - 2,4 cm 0,6 - 3,6 cm 1,0 cm 
 
profile (simpified representation) 
Stresses from fresh concrete pressure 
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Characterization test type B 
  notch    roughness 
  quantity deep diameter 




26 0,1-0,6 cm 0,4 – 0,9 cm 0,23 cm 
 
profile (simpified representation) 
Stresses from fresh concrete pressure 
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Assembly experiment 1. baseplate,  
2. shotcrete body  
3. geotextil  
4. geomembran 
5. soft sheet 
6. pad of solid rubber 
7. load plate 
8. applied load 
Stresses from fresh concrete pressure 
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Test program 
Geotextile [g/m²] 
Geomembrane thickness [mm] 
Loads [kN/m²] 
Time interval [d] 
Geomembrane type PE - Sealing 
7 / 21 
300 / 600 
1.50 
500 1000 1500 
2.00 
500 1000 1500 
3.00 
500 1000 1500 
Stresses from fresh concrete pressure 





Time interval [d] 




500 1000 1500 
Test program 
Stresses from fresh concrete pressure 
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Stresses from fresh concrete pressure 
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Detecting the deformation 
Stresses from fresh concrete pressure 
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Determination of elongation by geometric constraints 
Stresses from fresh concrete pressure 
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Determination of elongation 
Distance between the 
maxima 
Distance to central point 
Stresses from fresh concrete pressure 
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Measuring the conserved deformation of lead sheet with and without 


















1000 g/m² without protection of geotextil
Determination of elongation 
Stresses from fresh concrete pressure 
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Results 









min.                        Ø                       max. 
1 
PE 1,5 
- 300 7 1,99 3,74 6,87 
2 500 300 7 0,94 2,04 3,37 
3 1000 300 7 0,78 1,56 2,93 
4 1000 300 21 0,57 1,57 3,13 
5 1000 600 7 1,61 2,80 5,53 
6 1500 300 7 0,20 0,89 1,44 
7 
PE 2,0 
500 300 7 0,65 1,91 3,98 
8 500 300 21 1,23 2,34 3,55 
9 1000 300 7 0,75 1,30 2,83 
10 1000 300 21 1,21 1,88 3,47 
11 1500 300 7 0,38 1,04 2,16 
12 
PE 3,0 
500 300 7 0,63 1,86 3,00 
13 1000 300 7 0,81 1,76 3,71 
14 1500 300 7 0,12 0,59 1,24 
15 
PVC 2,0 
500 300 7 0,93 2,94 4,71 
16 1000 300 7 0,18 0,98 2,14 
17 1500 300 7 0,59 1,40 1,99 
Stresses from fresh concrete pressure 
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Influence geotextile 
With geotextile Without geotextile 
Stresses from fresh concrete pressure 
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Results 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
min. 1,99 0,94 0,78 0,57 1,61 0,20 0,65 1,23 0,75 1,21 0,38 0,63 0,81 0,12 0,93 0,18 0,59
Ø 3,74 2,04 1,56 1,57 2,80 0,89 1,91 2,34 1,30 1,88 1,04 1,86 1,76 0,59 2,94 0,98 1,40
















strain of geomembrane 
PE 1.50 mm 
1.       -       , 300 kN/m²,  7 d 
2.  500 g/m², 300 kN/m²,  7 d 
3. 1000 g/m², 300 kN/m²,  7 d 
4. 1000 g/m², 300 kN/m², 21 d 
5. 1000 g/m², 600 kN/m²,  7d 
6. 1500 g/m², 300 kN/m² 
PE 2.0 mm 
7.  500g/m², 300 kN/m²,   7d 
8.  500 g/m², 300 kN/m², 21 d 
9. 1000 g/m², 300 kN/m²,  7 d 
10. 1000 g/m², 300 kN/m², 21 d 
11. 1500 g/m², 300 kN/m²,  7d 
PE 3.0 mm 
12.  500g/m², 300 kN/m²,   7d 
13. 1000 g/m², 300 kN/m²,  7 d 
14. 1500 g/m², 300 kN/m²,  7d 
PVC 2.0 mm 
12. 500g/m², 300 kN/m²,   7d 
13. 1000 g/m², 300 kN/m²,  7 d 
14. 1500 g/m², 300 kN/m²,  7d 
 
Stresses from fresh concrete pressure 
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Results 
geotextile 500 g/m² geotextile 1000 g/m² geotextile 1500 g/m²
PE, thickness 1.5 mm 2,04 1,56 0,89
PE, thickness 2.0 mm 1,91 1,30 1,04
PVC, thickness 2.0 mm 2,94 0,98 1,40





















Load: 300 kN/m² 
test duration: 7 d 
 
Stresses from fresh concrete pressure 
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Results 
500 g/m² 1000 g/m² 1500 g/m² 500 g/m² 1000 g/m² 1500 g/m²
PE-Bahn, Dicke 2.0 mm PVC-Bahn,Dicke 2.0 mm
min. 0,65 0,75 0,38 0,93 0,18 0,59
Ø 1,91 1,30 1,04 2,94 0,98 1,40



















Comparison of strain  
on a 2 mm geomembrane 
Stresses from fresh concrete pressure 
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Rock and water pressure load 
 
 
Stresses of rock and water pressure 
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Rock-side stresses 
Stresses of rock and water pressure 
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Experimental design 
1. tunnel outer shell 
2. geomembrane 
3. geotextile 
4. tunnel inner shell 
5. load 
Stresses of rock and water pressure 
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Attempts to loads of rock and water pressure 
• Deformation behavior and perforation behavior at higher load steps 
 Depending on the thickness of the geomembrane 
 Investigation of residual thicknesses and surface damage 
 Insights about critical deformations / perforation 
 
Investigation of the mechanical behavior of 
geomembran 
• Exposed reinforcement 
• Wrinkling 
• Joint offset 
Stresses of rock and water pressure 
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Swelling pressure 
• Loads in swelling rock to 10MPa 
• High loads on tunnel buttom or uplift of the 
building 
• Breadboard tunnel shell with already 
deformed geomembrane  






Stresses of rock and water pressure 
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Pressure Vessel test 
• Investigation of rock-side pressure 
 Swelling pressure 
 Water pressure 
• Replica of a biaxial deformation under account  
of irregularities after  ZTV-ING 
 Depth to base:     1:20 
 Inclination:        1:10 
 Minimum radius:    20cm 
• Uniform load by compressed air 
• Concreting for detecting the deformations 
Stresses of rock and water pressure 
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Pressure Vessel test 
 1. shotcrete 
2. deformed geomembrane 
3. geomembrane 
4. concrete 
5. Supply of compressed air 
Stresses of rock and water pressure 
1. shotcrete 2. geomembrane 3. concrete 






time interval [d] 














Stresses of rock and water pressure 






time interval [d] 















Stresses of rock and water pressure 
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Analysis 
• Investigation of the geomembrane 
 Notches, scrape, perforation 
 Residual thickness of the deformed geomembrane 
• Investigation of concrete imprint 
 Capture Governing bodies deformations of geomembrane 
 
Geomembrane after expansion Imprint of deformations of concrete 
Stresses of rock and water pressure 
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Detecting the residual thickness 
Stresses of rock and water pressure 
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Residual thickness [mm] notch [mm] 
  [mm] [kN/m²]  [mm] min. Ø max. min. max. 
1 1,5 PE / gravel 600 1,7 1,27 1,46 1,54 0,16 0,43 
2 2,0 PE / gravel 600 2,3 1,88 2,03 2,11 0,19 0,42 
3 2,0 PE / gravel 1500 2,3 1,62 1,70 1,76 0,53 0,67 
4 3,0 PE / gravel 600 3,3 2,87 3,03 3,15 0,21 0,38 
5 2,0 PVC / gravel 1500 1,89 1,79 1,64 1,52 0,10 0,37 
Loads of water pressure 
6 1,5 PE / gravel 600 1,7 1,52 1,60 1,66 0,04 0,18 
7 2,0 PE / chippings 600 2,3 2,05 2,10 2,15 0,15 0,25 
8 2,0 PE / gravel 600 2,3 1,94 2,05 2,12 0,18 0,36 
9 2,0 PE / gravel 1500 2,3 1,81 1,88 1,95 0,35 0,49 
Results 
Stresses of rock and water pressure 
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Investigation of the geomembrane 
 
Damage of surface 
PVC - geomembrane PE - geomembrane 
Stresses of rock and water pressure 
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Damage of surface 
 
photomicrograph – zooming ratio 50 : 1 
notch scratch 
Stresses of rock and water pressure 









PVC, thickness 2.00 mm 72
PE, thickness 1.50 mm 75 89
PE, thickness 2.00 mm 82 84 82 74
























Maximum attennuation of the geomembrane by 
loads of rock and water pressure 
Stresses of rock and water pressure 
Results 





















600 kN/m² 1500 kN/m² 600 kN/m² 1500 kN/m²



















Number of damage points when loaded  
from rock pressure 
PVC, thickness 2.0 mm
PE, thickness 2.0mm
PE, thickness 1.5 mm










Seal support: gravel 
Geotextile 1000 g/m² 
 
Stresses of rock and water pressure 







600 kN/m² 1500 kN/m² 600 kN/m² 1500 kN/m²



















Number of damage points when loaded 
 from water pressure 
PE, thickness 2.0 mm, gravel
PE, thickness 2.0 mm, chippings
PE, thickness 1.5 mm, gravel
load range 
indentation depth 







Geotextile 1000 g/m² 
 
Results 
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Lessons learned from the experiments 
1. Loads of producing the tunnel inner shell 
 Requirements in accordance with ZTV-ING are met for 
geomembrane with geotextile 
 Protective efficacy of the geotextile is given 
 No perforation 
 Partly scratches and indentations  
 
2. Loads of rock and water pressure 
 Large surface damage 
 Strong deformations 
 Low residual thicknesses 
Realization of the experiments 










    Thank you for your attention! 
Light at the end of the tunnel! 
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